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(54) Process for bonding crystalline substrates with different crystal lattices 



(57) A process for device fabrication is disclosed in 
which two substrates having different crystal lattices are 
bound together. In the process a layer of material that 
has a crystal lattice similar to the crystal lattices of the 



first substrate is formed on the surface of the second 
substrate. The thickness of the layer is about 1 nm to 
about 2 nm. The layer of material is then bound to the 
surface of the first substrate. 



FIG. 2 



co 

CO 

o> 

00 

o 
o 

o 

CL 
LU 



210 



200 



205 




250 



V 



240 



235 



y: i 




230 



225 
y220 
^215 



3 



Pftntedby Jouve. 7500: PARIS (FR) 



1 EP 0 908 933 A1 2 



Description 

BACKGROUND OF THE INVENTION 
Technical Field 

[0001] The present invention is directed to processes 
for device fabrication, and, more particularly, photode- 
tector devices, in which two crystalline substrates with 
different crystal lattices are bound together. 

Art Background 

[0002] Processes for fabricating certain semiconduc- 
tor devices require that two wafers, each having a crys- 
tal lattice that is different from the other, be bound to- 
gether. For example crystalline lll-V substrates (e.g. In- 
dium Gallium Arsenide substrates (InGaAs)) are bound 
to crystalline silicon substrates tojabricate p-i-n photo- 
detectors. Such devices are described in Hawkins, A., 
et al., "Silicon heterointerface photodetector," Appl. 
Phvs. Lett., Vol. 68:26, pp. 3692-3694 (1996) (Hawkins 
et al. hereinafter). As used herein, lll-V substrates are 
semiconductor compounds in which one of the elements 
is from column III of the Mendeleef Periodic Table and 
one of the elements is from column V of that Table. 
[0003] Hawkins et al. describe a process for fabricat- 
ing avalanche photodetector devices in which a silicon 
wafer is fused directly to an InGaAs surface of an indium 
phosphide (InP) substrate. In the Hawkins et al. proc- 
ess, an InGaAs surface is grown on the InP substrate 
by metalorganic chemical vapor deposition (MOCVD). 
The bonding surface of the silicon wafer is an epitaxial 
silicon layer grown on an n + substrate with a shallow p- 
type implant at the surface. After bonding, the InP sub- 
strate is subsequently removed leaving only the InGaAs 
layer bound to the silicon substrate. The bonding is per- 
formed by pressing the surfaces of the two substrates 
together for 20 minutes at 650 D C in an H 2 atmosphere. 
[0004] The epitaxial layers of the resulting device 10 
are illustrated in FIG. 1. Starting from the topmost epi- 
taxial layer, there is a p*-doped InGaAs layer 20, which 
is used for ohmic contact. Underlying layer 20 is the in- 
trinsic InGaAs layer 25 which is used for photon absorp- 
tion. Layer 25 is fused to layer 30, which was a n-type 
silicon implanted with boron, Layer 30 functions as a 
multiplication region for the detector. 
[0005] After the above described structure is formed, 
the epitaxial layers 20 and 25 are etched to form isolated 
devices. To isolate the devices, a patterned metal layer 
60 of Au/Zn is formed over layqr 20 and the portions of 
layers 20 and 25 are not covered by the mask are etched 
away. Layer 60 is a top p-type contact. After etching, a 
dielectric layer 70 is formed on the sidewalls of the re- 
maining portions of layers 20 and 25. An n-type metal 
contact layer 80 is formed on the exposed portion 85 of 
the silicon substrate 30. 

[0006] Hawkins et al. states that the device described 



therein shows potential for high speed, high gain oper- 
ation, etc. However, the quality of the devices depends 
on, among other things, the quality of the silicon-lnGaAs 
interface. Accordingly a process for forming a high qual- 
5 ity interface between the two different surfaces is de- 
sired. 

SUMMARY OF THE INVENTION 

io [0007] The present invention is directed to a process 
for bonding two wafers together each wafer having a 
crystal lattice structure that is different from the other. 
The invention is further directed to a process for device 
fabrication in which a first sucstrate with a first crystal 

75 structure is bound to a seconc substrate with a second 
crystal lattice structure. In the context of the present in- 
vention, a difference in lattices constant greater than 
about 0.1 percent qualifies as a different crystal lattice. 
[0008] In the process of the present invention, an epi- 

20 taxial layer of material having a crystal lattice that cor- 
responds to the second crystal lattice structure is grown 
on a first surface of the first substrate. The first surface 
of the first substrate is then bound to the second sub- 
strate. Alternately, an epitaxial layer of material that cor- 

25 responds to the first crystal structure is grown on a first 
surface of the second substrate. The first surface of the 
second substrate is then bound to the first substrate with 
the first crystal structure. 

[0009] The thickness of the epitaxial layer is about 1 
30 nm to about 2 nm. The epitaxial layer is grown on the 
substrate by a conventional technique such as MOCVD. 
The purpose of the epitaxial layer is to reduce the lattice 
mismatch between the first substrate and the second 
substrate at the bonding interface. It is advantageous if 
the material selected for the epitaxial layer is the same 
material as the surface of the substrate to which the epi- 
taxial layer is bound. 

[0010] For example, in the context of the photodetec- 
tor devices previously described, it is desired to bond a 
silicon substrate to a lll-V substrate such as InGaAs de- 
vice layers formed on an InP substrate. In this embodi- 
ment either an epitaxial layer cf InGaAs is grown on the 
silicon substrate or an epitaxial layer, of silicon is grown 
on the top InGaAs layer of the InP substrate. In either 
embodiment, the thickness of tie epitaxial layer is about 
1 nm to about 2 nm. 

[0011] After the epitaxial layer is grown on either the 
first or second substrate, the two substrates are bound 
together. Conventional technicues are contemplated as 
suitable (e.g., pressing the two surfaces together and 
subjecting the wafers to high temperatures in a non-ox- 
ygen-containing atmosphere (e.g. H 2 )). If the resulting 
bound structure is to be formed together into a photo- 
detector device, the bulk of ei:her the first substrate or 
the second substrate is etched away either before or af- 
ter the substrates are bound together. Only one or more 
discrete layers formed on the removed substrate remain 
bound to the other suostrate 
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[0012] It is advantageous if the substrates, once 
bound together, but before the bulk of one of the sub- 
strates is etched away, are not subjected to large vari- 
ations (i.e., variations less than lOO^C) in temperature. 
Such large temperature variations are to be avoided be- s 
cause the mismatch in the coefficient of thermal expan- 
sion between the first substrate and the second sub- 
strate causes the two substrates, when bound together, 
to expand or contract by significantly different amounts 
in response to temperature variations. Thus, when the 
bound substrates are subjected to large variations in 
temperature, the different amounts of expansion will in- 
troduce strains into the substrates which, in turn, can 
cause the substrates to crack. 

[0013] In the process of the present invention, such 
strains are prevented by removing the bulk of the II I -V 
substrate, leaving only the layers formed thereon, either 
before the substrates are bonded together or before the 
bonded substrates are cooled. For example, in the case 
of an InP substrate on which InGaAs layers are formed, 
the InP substrate is etched away leaving only the device 
layers (the InGaAs layers in this example). In order to 
ensure that the desired InGaAs or InP layer(s) remain, 
an etch stop layer is formed on the InP substrate. Ex- 
amples of suitable etch stop layers are InAIAs and In- 
GaAs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] FIG 1. illustrates a conventional structure for 
photodetector devices. 

[0015] FIG. 2 is a schematic side view of a device 
formed by the present invention. . 
[001 6] FIG. 3 is a schematic side view of an interme- 
diate structure formed in one embodiment of the proc- 
ess of the present invention. 

DETAILED DESCRIPTION 

[0017] As previously described, the invention is di- 
rected to a process for bonding two crystal substrates, 
each having a crystal lattice constant different from the 
other, together. One problem associated with bonding 
two such substrates together are the strains introduced 
into the substrates in tfre regions adjacent to the bond 
that arise from the lattice mismatch between the two 
substrates. Also, due to the lattice mismatch, not all of 
the atoms on the bonded surface of the first substrate 
match up with the atoms on the bonded surface of the 
second substrate. These unmatched atoms are referred 
to as "dangling bonds." These dangling bonds create 
interface states/defects, and traps. The presence of 
these interface states, defects, and traps adversely af- 
fects device performance. 

[0018] In the present invention, prior to bonding the 
first substrate to the second substrate, a layer of mate- 
rial is grown on one of either the first or second sub- 
strates that has a crystal lattice that more closely match- 



es the crystal lattice of the other substrate. In order to 
control the defects that occur in the grown layer due to 
the lattice mismatch between it and the substrate on 
which it is grown, the thickness of grown layer is kept 
within the range of about 1 nm to about 2 nm. 
[001 9] Crystal substrates with different crystal lattices 
are bound together to form a variety of devices, one ex- 
ample of which is an avalanche photodetector device. 
In the avalanche photodetector device, there is a lll-V 
substrate for the absorption of light and the generation 
of carriers. The carriers are multiplied in the silicon sub- 
strate, which results in the amplification of the electrical 
signal generated by the device. For convenience herein, 
the first substrate is referred to as the silicon substrate 
and the second substrate is referred to as the lll-V sub- 
strate. However, since the invention is directed to bond- 
ing two surface with different crystal lattices, the inven- 
tion is not limited to these specific materials. 
[0020] One example of an avalanche detector is illus- 
trated in FIG. 2. The device 200 illustrated in FIG. 2 is 
formed on an n + silicon substrate 205. A patterned stack 
of materials 210 forms the device 200. The patterned 
stack is layer of n* silicon 2 1 5 cn which is formed a layer 
of n - InGaAs 220, a layer of InP 225, a layer of silicon 
dioxide (Si0 2 ) 230, and a layer of p-type metal 250 (e. 
g. gold-beryllium alloy). A window 235 was formed in the 
Si0 2 layer 230 in stack 210 and zinc was diffused there- 
in to form the p-n junction 240. The n-contact 250 is alu- 
minum. Other structures for avalanche detectors are 
well known to one skilled in the art. 
[0021] The above-described device is prepared by 
forming one or more InGaAs and InP layers on an InP 
substrate. The one or more InGaAs and InP (or other 
suitable lll-V materials) layers are referred to as device 
layers. Before the InGaAs layers are formed on the InP 
substrate an etch stop layer is formed thereon to assist 
in etching the InP substrate away later on. Suitable ma- 
terials for such an etch stop are well known to one skilled 
in the art. Examples of suitable etch stop materials in- 
clude InGaAs. 

[0022] The InGaAs or InP layers are grown on the InP 
substrate using conventional CVD techniques. Typically 
the InGaAs or InP layers have a thickness of about 0.05 
u,m to about 5 u.m. After the InGaAs layers are formed 
on the substrate, the substrate is maintained at a tem- 
perature below 500°C to avoid depleting arsenic from 
the InGaAs. In this regard, it is advantageous if the sil- 
icon is grown on the InGaAs layer because the growth 
of silicon by molecular beam epitaxy (MBE) is accom- 
plished at temperatures below 500 3 C and also removes 
arsenic oxide and elemental arsenic that form on the In- 
GaAs surface. Before deposition the InGaAs surface is 
cleaned to remove impurities. First the InGaAs layer is 
cleaned in a solution suitable for removing any residual 
photoresist or other organics thereon. The surface is 
etched, for example, in an aqueous solution of phos- 
phoric acid and peroxide (e g.. H 3 P04:H 2 0 2 :H 2 0 = 1:1: 
33 parts by volume) followed by aqueous hydrofluoric 
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acid. Other conventional wet etch expedients are con- 
templated as suitable. After cleaning, the InGaAs sur- 
face is kept in an essentially oxygen-free environment. 
[0023] The InP/lnGaAs substrate is then placed in a 
silicon MBE chamber and a layer of silicon having a 
thickness in the range of about 1 nm to 2 nm is grown 
on the InGaAs surface. While maintaining the Si-coated 
substrate in an essentially oxygen-free environment, the 
substrate is transferred to the apparatus in which it is to 
be bound to the silicon substrate. Both the Si-coated 
substrate and the silicon substrate are placed in a holder 
which presses them together. While being held under 
pressure, the substrates are heated to a temperature in 
the range of about 450°C to about 700°C in an H 2 at- 
mosphere. After about 20 minutes, the substrates are 
bound together. The wafers are then cooled and the 
bonded substrate is subsequently processed to form the 
avalanche photodetector using conventional tech- 
niques (i.e., etching, deposition oLadditional device lay- 
ers, deposition of metal contacts, patterning of the lay- 
ers to form individual devices etc.). 
[0024] In certain embodiments, it is advantageous to 
pattern one of the two surfaces prior to bonding. The 
pattern provides an irregular surface that allows gas to 
escape when the surfaces are pressed together. One 
example of a suitable pattern is a series of lines and 
spaces wherein the width of the lines is about 1 u.m to 
about 50 u,m and the depth of the pattern into the sub- 
strate is in the range of about 0.1 jim to about 1 u,m. If 
the patterned surface is the surface on which the thin 
layer is grown, the surface is patterned either before or 
after the thin layer is formed thereon. 
[0025] As previously stated, when the first substrate 
and the second substrate are bound together, it is not 
desirable to subject the bound substrates to large tem- 
perature variations because of the mismatch in the co- 
efficients of thermal expansion between the two sub- 
strates. Therefore, it is advantageous if the bulk of one 
of the substrates is removed before the bound structure 
is subjected to a large variation in temperature. In this 
regard, it is contemplated that the bulk of one substrate 
is removed either before or after the surface of the two 
substrates are joined together. In the embodiment of the 
present invention wherein the device is an avalanche 
photodetector, the bulk of the lll-V substrate is removed 
because the device layers are typically formed on the 
lll-V substrate, and it is the bulk of the substrate on 
which the device layers are formed that does not be- 
come part of the device. 

[0026] Although it is desirable to etch the bulk of the 
lll-V (e.g., InP) substrate awayjrom the device (e.g.ln- 
GaAs) layers before the device layers are bound to the 
silicon substrate, the subsequent handling of the very 
thin device layers poses a practical problem. In one em- 
bodiment of the present invention, this problem is ad- 
dressed by bonding a handling substrate to the device 
layers and then etching the bulk of the lll-V substrate 
away from the bonded assembly of device layers and 



handling substrate. The device layers are then bound to 
the other substrate (e.g., the silicon substrate), after 
which the handle is removed. This embodiment is de- 
scribed with reference, to FIG. 3. Because the handling 
s substrate and the other substrate are bound together 
and subsequently cooled, it is advantageous if the han- 
dling substrate and the substrate to which it is bound 
have the same or similar coefficients of thermal expan- 
sion. 

10 [0027] For example, in this embodiment a diffusion 
barrier layer 310 is formed over the device layer(s) 315 
(e.g. the InGaAs layers formed on the InP substrate) of 
a lll-V substrate 312. Examples of materials suitable for 
use as diffusion barrier layers are metals such as titani- 
is um. A suitable thickness for the diffusion barrier layer is 
readily ascertained by those skilled in the art. Suitable 
thicknesses are in the range of about 2 nm to about 1 00 
nm . A layer of gold 320 is formed over the diffusion bar- 
rier layer 310. Gold is selected because of its malleabil- 
ity and because it is compatible with current technology 
for making photodetector devices. Other metals which 
also meet these criteria are contemplated as suitable. 
The gold layer 320 has a thickness of about 0.25 jam to 
about 3 ujti. A silicon substrate 325 is then pressed 
against the gold layer 320 at room temperature. (In an 
alternative embodiment not depicted in FIG. 3, a gold 
layer is deposited on the silicon substrate also and the 
two gold layers are pressed then pressed together.) 
About 30 kg/mm 2 of force is determined adequate to 
cause the silicon substrate 325 to adhere to the gold 
layer 320. In order to improve adhesion, the surface 330 
of the silicon substrate 325 placed in contact with the 
gold layer can be patterned with grooves 335 or some 
other configuration, that permits some portions of the 
surface 330 to penetrate further into the gold layer 320 
than other portions of the silicon surface 330. However, 
patterning of the silicon substrate is not required to ob- 
tain adequate adhesion between the silicon and the 
gold. The bulk of the lll-V substrate 312 is then etched 
away. An etch stop layer 340 : interposed between the 
bulk of the lll-V substrate 312 and the device layer(s) 
315 formed thereon, prevents the etchant from remov- 
ing the device layers 312. 

[0028] After this structure is formed, it is bound to the 
silicon substrate as previously described. For example, 
a layer of silicon having a thickness of about 1 nm to 
about 2 nm is grown onto the surface of the device layer. 
The silicon surface is then bound to a silicon substrate. 
The silicon handle is then removed by dipping the han- 
dle in a silicon etchant solution or other conventional ex- 
pedient for etching silicon. The gold layer and any etch 
stop layer are also removed. 

[0029] Other methods for removing the substrate be- 
fore the device layers are bound to the silicon substrate 
utilize Van der Waals' force to hold the bonding surfaces 
together. The surfaces (e.g., {he InGaAs device layer 
and the thin InGaAs layer formec cn the silicon sub- 
strate) that are to be bound together are cleaned and 
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placed in physical contact. The surfaces are held togeth- 
er by Van der Waals' force. The bulkof the lll-V substrate 
is then removed by etching. Either dry etching or wet 
etching expedients are contemplated as suitable. One 
example of a suitable dry etch expedient is reactive ion 
etching (RIE). If RIE is used, the lll-V substrate has an 
etch stop layer formed thereon (e.g. InGaAs or InAIAs) 
which prevents the etch from progressing to the device 
layers. An example of a suitable wet etch expedient is 
a spray of aqueous HCI. One examples of a suitable wet 
etch stop layer is InGaAs. 



Claims 

1 . A process for fabricating a device comprising: 

selecting a first, single crystal substrate having 
a first crystal lattice and a second single crystal 
substrate having a second crystal lattice differ- 
ent from the first crystal lattice wherein the sec- 
ond substrate has at least one single crystal de- 
vice layer formed thereon; 
forming a layer of material on one of the first 
substrates that has the crystal lattice of the oth- 
er of the first or second substrates, wherein the 
layer of material has a thickness of about 1 nm 
to about 2 nm; 

bonding the layer of material to the other of the 
first or second substrates; and 
removing the second substrate, leaving the de- 
vice layers bonded to the first single crystal 
substrate. 



7. The process of claim 6 wherein the layer of material 
is pressed to the surface of the other of the first or 
second substrate at a temperature in the range of 
about 450°C to about 700°C in a substantially non- 

5 oxygen containing atmosphere. 

8. The process of claim 1 wherein the second sub- 
strate is removed from the at least one layer before 
the at least one device layer is bound to the first 

10 substrate. 

9. The process of claim 1 wherein an etch stop layer 
is formed on the second substrate and the at least 
one device layer is formed over the etch stop layer. 

15 

10. The process of claim 1 wherein the etch stop layer 
is selected from the group consisting of a layer of 
indium gallium arsenide and a layer of indium alu- 
minum arsenide. 

20 

11. The process of claim 3 further comprising: 

forming a diffusion barrier layer over the at least 
one device layer; 
25 forming a layer of gold over the diffusion barrier 

layer; and 

bonding a silicon substrate to the gold layer be- 
fore removing the second substrate from the at 
least one layer of the substrate. 

30 

12. The process of claim 11 wherein the surface of the 
silicon substrate that is bound to the gold layer has 
a non-planar configuration. 



2. The process of claim 1 wherein the first, single crys- 
tal substrate is a silicon substrate and the second, 
single crystal substrate is a lll-V single crystal sub- 
strate with at least one lll-V layer formed thereon. 

3. The process of claim 2 wherein the lll-V substrate 
is an indium phosphide substrate and the at least 
one lll-V device layer is selected from the group 
consisting of indium gallium arsenide and indium 
phosphide. 

4. The process of claim 2 wherein the layer of material 
is a layer of lll-V material 

5. The process of claim 4 wherein the layer of II l-V ma- 
terial is grown eptiaxially on the silicon substrate. 

6. The process of claim 1 wherein the layer of material 
is bound to the other of the first or second substrate 
by pressing the layer of material to the surface of 
the other of the first or second substrate that has a 
crystal lattice that matches the crystal lattice of the 
layer of material. 



35 13. The process of claim 6 wherein the two surfaces are 
pressed together with a force sufficient for the sur- 
faces to be held together by Van der Waals' forces 
and the bulk of the second substrate is removed by 
etching. 

40 

14. The process of claim 13 wherein the first, single 
crystal substrate is a silicon substrate and the sec- 
ond, single crystal substrate is a lll-V single crystal 
substrate with at least two lll-V layers formed ther- 
45 eon, one of which stops the etch of the lll-V sub- 
strate from proceeding to the second lll-V layer. 
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